Transcription factor expression fluctuates during b-cell ontogeny, and disruptions in this pattern can affect the development or function of those cells. Here we uncovered that murine endocrine pancreatic progenitors express high levels of the homeodomain transcription factor Prox1, whereas both immature and mature b-cells scarcely express this protein. We also investigated if sustained Prox1 expression is incompatible with b-cell development or maintenance using transgenic mouse approaches. We discovered that Prox1 upregulation in mature b-cells has no functional consequences; in contrast, Prox1 overexpression in immature b-cells promotes acute fasting hyperglycemia. Using a combination of immunostaining and quantitative and comparative gene expression analyses, we determined that Prox1 upregulation reduces proliferation, impairs maturation, and enables apoptosis in postnatal b-cells. Also, we uncovered substantial deficiency in b-cells that overexpress Prox1 of the key regulator of b-cell maturation MafA, several MafA downstream targets required for glucose-stimulated insulin secretion, and genes encoding important components of FGF signaling. Moreover, knocking down PROX1 in human EndoC-bH1 b-cells caused increased expression of many of these same gene products. These and other results in our study indicate that reducing the expression of Prox1 is beneficial for the expansion and maturation of postnatal b-cells.
Transcription factor expression fluctuates during b-cell ontogeny, and disruptions in this pattern can affect the development or function of those cells. Here we uncovered that murine endocrine pancreatic progenitors express high levels of the homeodomain transcription factor Prox1, whereas both immature and mature b-cells scarcely express this protein. We also investigated if sustained Prox1 expression is incompatible with b-cell development or maintenance using transgenic mouse approaches. We discovered that Prox1 upregulation in mature b-cells has no functional consequences; in contrast, Prox1 overexpression in immature b-cells promotes acute fasting hyperglycemia. Using a combination of immunostaining and quantitative and comparative gene expression analyses, we determined that Prox1 upregulation reduces proliferation, impairs maturation, and enables apoptosis in postnatal b-cells. Also, we uncovered substantial deficiency in b-cells that overexpress Prox1 of the key regulator of b-cell maturation MafA, several MafA downstream targets required for glucose-stimulated insulin secretion, and genes encoding important components of FGF signaling. Moreover, knocking down PROX1 in human EndoC-bH1 b-cells caused increased expression of many of these same gene products. These and other results in our study indicate that reducing the expression of Prox1 is beneficial for the expansion and maturation of postnatal b-cells.
Islet b-cells, the most abundant endocrine cell type in the adult mammalian pancreas, are key for glucose homeostasis because they supply insulin to the entire body. Genetic or metabolic conditions that disrupt the complex physiology of b-cells can lead to diabetes, a prevalent life-threatening disease. Understanding the molecular mechanisms that specify the fate of b-cells in the embryonic pancreas and guide their final maturation in the postnatal pancreas is fundamental to engineer cells suitable for replacement therapy and develop better treatments for patients with diabetes (1, 2) .
All pancreatic endocrine cell types (i.e., insulin + b-cells, glucagon + a-cells, somatostatin + d-cells, pancreatic polypeptide + (PP) cells, and ghrelin + e-cells) originate from progenitors that commonly express the transcription factor (TF) neurogenin 3 (Neurog3) (3, 4) . The majority of these progenitors form during a developmental period called the secondary transition, which in mice occurs between embryonic day (E) 12.5 and 15.5 (4) . Once the distinct proendocrine cell lineages are specified, these cells proceed to differentiate and form clusters that gradually delaminate from the pancreatic epithelium. In mice, islet formation begins shortly before birth, with b-cells being allocated toward the central region that constitutes the islet core and the a-cells, d-cells, e-cells, and PP cells being positioned toward the periphery to form the islet mantle (4) .
Studies in mice reveal that TF expression changes dramatically during the secondary transition, with some factors being upregulated and others being downregulated in the newly specified endocrine cell lineages (4) . In b-cells, TF expression continues to change well into postnatal stages until the final maturation state is reached and the complex regulatory networks that maintain the functional status are established (1, 2, 4) . Loss-of-function and gain-of-function studies have shown that altering TF expression can be detrimental to endocrine development, b-cell maturation, and b-cell maintenance (1, 2, (4) (5) (6) .
The family of homeodomain TFs comprises several critical regulators of b-cell development and maintenance (1, 4) . We previously reported expression of a divergent member of this family named Prox1 in endocrine progenitors and islet cells of mice (7) . We also identified that Prox1 activity in the pancreas is necessary for endocrine progenitor formation and a-cell differentiation (7) but is dispensable for b-cell formation (8) . Prox1 expression in endocrine pancreatic cells is uniformly expressed at high levels in all endocrine progenitors (i.e., Neurog3 + cells), but mature islet cells have variable levels. In particular, we found that in the adult pancreas, only those cells located in the islet mantle retain high Prox1 expression (i.e., a-cells, d-cells, PP cells, and e-cells [7] ). The notable lack of Prox1 expression in b-cells suggests that this step might be necessary for their specification and/or maturation. Here, we used a transgenic mouse approach to investigate whether sustained Prox1 expression is incompatible with b-cell development or maintenance. We report that b-cell maturation and expansion are drastically impaired in the presence of high levels of Prox1.
RESEARCH DESIGN AND METHODS

Mice
Jojo-Prox1 (9), Neurog3-Cre (10), RIP-Cre (11), and Pax4 +/2 (12) mice were maintained and genotyped as previously reported. JoJo-Prox1;RIP-Cre mice (hereafter named Prox1 betaOE ) were generated from crosses of RIP-Cre mice (expressing Cre recombinase using the rat insulin 1 (Ins1) promoter [11] ) with JoJo-Prox1 mice (carrying a CAG-loxP-eGFP-Stop-loxPProx1-Ires-b-gal transgene [9] ). JoJo-Prox1;Neurog3-Cre mice (hereafter named Prox1 endOE ) were produced from crosses of Neurog3-Cre mice (expressing Cre in endocrine pancreatic precursors [10] ) with JoJo-Prox1 mice. Mice were treated according to criteria outlined in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All animal experiments were reviewed and approved by the St. Jude Animal Care and Use Committee.
Fasting and Nonfasting Blood Glucose
Blood glucose levels from the tail vein in mice that were fasted overnight or fasted and fed for 1 h were measured with the CONTOUR Blood Glucose Monitoring System (Bayer HealthCare LLC).
Intraperitoneal Glucose Tolerance Test
Mice were fasted overnight and blood glucose (t = 0) was measured from the tail vein as above. Glucose (2 mg dextrose/g body weight) in sterile PBS was injected intraperitoneally, and blood glucose levels were measured at 20, 40, 60, and 120 min postinjection.
ELISA for Insulin
Blood was collected (cardiac puncture) from mice that were fasted overnight and fed 1 h with regular chow. The Rat/Mouse Insulin ELISA Kit (Millipore) was used for serum insulin quantification as per the manufacturer's directions.
Tissue Processing
Mouse embryos or pancreata of newborn mice were prepared for cryosectioning as described by Wang et al. (7) . Cardiac perfusion (4% paraformaldehyde/PBS) was used for mice after postnatal day (P) 15 that were previously anesthetized with Avertin.
Immunostaining
Immunohistostaining of frozen sections was performed as previously described (13) . MafA detection required antigen retrieval (1% SDS, 5 min). Images were obtained with a Zeiss Axioskop 2 microscope or a confocal/multiphoton laser-scanning Zeiss LSM 510 META microscope and processed with Adobe Photoshop 7.0 (Adobe Systems). Supplementary Table 1 lists the antibodies.
Morphometric Analysis and Quantification of Fluorescence Intensity
Whole pancreata of control and Prox1 endOE mice (n = 3-5 per group) were sectioned (10 mm), and three representative sections were used for cell counting and/or morphometric analyses. Only Prox1 endOE breeders constantly producing .50% Prox1 endOE hyperglycemic offspring were used here. Islets were stained with anti-synaptophysin antibodies, and antiKi67 antibodies to visualize proliferating cells. AxioVision software version 4.7 (Zeiss) was used for morphometric analyses. Three representative sections from control, normoglycemic, and hyperglycemic Prox1 endOE pancreata were also stained with anti-Prox1 and anti-insulin antibodies and imaged at equal exposure levels, and the intensity of fluorescent signals was quantified using SlideBook version 5.5.
Quantitative Real-Time PCR RNA isolation and quantitative PCR (qPCR) were performed as described by Seth et al. (14) . Mice older than 2 weeks were perfused with RNAlater (Invitrogen), and the dissected pancreata were incubated overnight at 4°C in RNAlater before RNA extraction. 18s rRNA expression was used to normalize gene expression levels. Supplementary Table 2 lists the qPCR primers.
Microarray Analysis
Total RNA from pancreata of control and Prox1 endOE mice (n = 3) was isolated, and RNA quality was assessed using the Agilent 2100 Bioanalyzer system. Gene expression was analyzed using the Mouse Genome 430 2.0 GeneChip Array (Affymetrix) at the Hartwell Center for Bioinformatics & Biotechnology, St. Jude Children's Research Hospital. The GeneChip Operating Software was used for fluorescence detection, and data calculations were performed using the MAS5 statistical algorithm and the Affymetrix GeneChip Operating Software version 1.4. ANOVA, gene set enrichment analysis (GSEA), and local pooled error t test were used for data analyses. Microarray data were deposited in Gene Expression Omnibus under accession number GSE68133 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? token=sbgpmkkqdpitdgt&acc=GSE68133).
Retroviral Transduction of b-TC6 Cells
The human PROX1 cDNA was cloned into an MSCV-IRES-GFP plasmid (15) , and 293T cells were transfected with MSCV-PROX1-IRES-GFP or MSCV-IRES-GFP vectors and two plasmids carrying the viral packaging proteins. The viral particle supernatant was harvested 24 h later, filtered (0.45-mm gauze), and added to b-TC6 cells (grown to 70% confluence) in the presence of 0.8 mg/mL Polybrene. The next day, the viral supernatant was replaced with complete growth medium and the cells were collected 48 h postinfection for RNA isolation (Qiagen RNeasy Mini Kit).
In Silico Analysis of Mouse MafA Sequences
The mouse genome (assembly GRCm38.p3, January 2012) was scanned for evolutionarily conserved regions (ECR Browser; http://ecrbrowser.dcode.org/) and partially analyzed for Prox1-binding sites (-10 kb and +10 kb of the transcription start site) (14, 16) in mouse MafA using the TRANSFAC (https://portal.biobase-international.com/cgi-bin/ build_t/idb/1.0/searchengine/start.cgi) and JASPAR (http:// jaspar.genereg.net/cgi-bin/jaspar_db.pl?rm=browse&db=core &tax_group=vertebrates) bioinformatics tools.
Chromatin Immunoprecipitation a-TC1 (clone 9; American Type Culture Collection [ATCC]) and b-TC6 cells (ATCC) were fixed with 1% paraformaldehyde/PBS (10 min, room temperature) and nuclear chromatin was collected. The harvested chromatin was fragmented using micrococcal nuclease (SimpleChIP Enzymatic Chromatin Immunoprecipitation Kit; Cell Signaling Technology), as per the manufacturer's instructions. The chromatin was precleared with rabbit IgG and immunoprecipitated with anti-Prox1 antibody or isotypespecific IgG. Immunoprecipitates were washed and eluted, protein-DNA complexes were de-cross-linked, and DNA was purified using QIAquick columns (Qiagen). qPCR results were normalized to input DNA and expressed as fold change over IgG control. Supplementary Table 2 lists the qPCR primers.
Knockdown Experiments
EndoC-bΗ1 cells (4 3 10 6 ) were treated with ONTARGETplus small interfering RNA of human PROX1 (J-016913-08, 0.5 nmol) or a nontargeting control (D001810) (GE 1003) using Buffer V (VVCA-1003; Lonza, Walkersville, MD) and an Amaxa Nucleofector 2 (Program G-016; Lonza). RNA was collected either 72 or 96 h postnucleofection using TRIzol reagent (Life Technologies), and the iScript cDNA Synthesis Kit (Bio-Rad) was used for cDNA synthesis. The qPCR reactions were performed with the gene primers listed in Supplementary Table 2 on a LightCycler 480 II (Roche) and analyzed by the ΔΔCT method. GAPDH was used for normalization.
Statistical Analyses
Microsoft Office Excel and the two-tailed Student t test were used for statistical analyses. P , 0.05 was considered statistically significant.
RESULTS
Prox1 Overexpression Does Not Affect the Function or Integrity of Mature Islet b-Cells
Immunostaining analysis of mouse pancreatic tissues revealed that embryonic (Fig. 1A) , postnatal (Fig. 1B) , and adult ( Fig. 1C ) a-cells expressed high levels of Prox1, and embryonic and adult d-cells, e-cells, and PP cells expressed moderate to high levels ( Supplementary Fig. 1A -C and data not shown). In contrast, this TF was barely detectible in embryonic (Fig. 1A) , postnatal (Fig. 1B) , and adult ( Fig.  1C ) b-cells, whereas Pdx1 (a distant homeodomain relative) was highly expressed in this cell population throughout life ( Fig. 1C9) (1,2,4). These results indicate that after specification of pancreatic endocrine progenitors, Prox1 expression is uniquely downregulated in the b-cell lineage. This notion was supported by the observation that in Pax4-null mice that lack b-cells, Prox1 was highly expressed in almost every islet cell (Supplementary Fig. 1D and D9) (12) .
Our immunostaining results suggested that high Prox1 expression could be detrimental to b-cells. Therefore, we overexpressed Prox1 in mature b-cells using a novel transgenic mouse strain that we named JoJo-Prox1;RIPCre or Prox1 betaOE . In Prox1 betaOE mice, Cre deletes a floxedeGFP-STOP sequence and activates Prox1 and b-gal in only insulin-expressing cells (11) , with the CAG promoter sustaining Prox1 and b-gal expression in these cells (Fig. 1D) . We observed b-gal/Prox1 HIGH expression in only a few insulin + cells of Prox1 betaOE mice at P2-P7 ( Fig. 1E and Supplementary Fig. 2A and B) and extensive b-gal/ Prox1 HIGH expression in insulin + cells of Prox1 betaOE adult mice ( Fig. 1E9 and Supplementary Fig. 2C ). Overall, Prox1 upregulation was largely restricted to mature b-cells in our Prox1 betaOE mouse model. Prox1 betaOE mice had normal blood glucose levels under fasting and nonfasting conditions (Fig. 1F) , and their response to a glucose tolerance test was no different from that of control (RIP-Cre) mice (Fig. 1G) . Also, both the islet architecture and the expression of various b-cell-specific markers (e.g., Pdx1, insulin, GLUT2, and MafA) were normal in Prox1 betaOE pancreata (compare Fig. 1H -J with H9-J9). These results reveal that Prox1 overexpression in mature b-cells does not alter the function or integrity of these cells.
Prox1 Overexpression in Immature b-Cells Affects Glucose Homeostasis
We produced a second transgenic mouse strain (Prox1 endOE ) by crossing JoJo-Prox1 mice with Neurog3-Cre mice to investigate the effects of Prox1 overexpression in immature b-cells ( Fig. 2A ). Similar to a genetic fate mapping study using Neurog3-Cre mice (17), we detected b-gal expression in the brain (including the ventral thalamus), spinal cord, heart, and pancreas in Prox1 endOE embryos harvested at E14.5 ( Supplementary Fig. 3 ). Also, as predicted from the Neurog3-Cre-mediated deletion of the floxed-eGFP-STOP sequence in endocrine precursors (10) Fig. 3H and I) . Furthermore, we uncovered that the majority of b-cells expressed high levels of Prox1 in pancreata of Prox1 endOE mice dissected at perinatal ( Fig. 2B and C) and adult (Fig. 2D) stages. Therefore, this model is different from Prox1 betaOE mice by expressing this TF in early, immature embryonic b-cells.
All Prox1 endOE mice looked normal at birth and survived past the weaning stage. However, 40-50% of transgenic animals began to look ill at roughly 1 month and were killed ( Supplementary Fig. 4A ). Blood analysis uncovered severe hyperglycemia (Fig. 2E) and hypoinsulinemia (Fig.  2F ) in these mice (designated Prox1 endOE [HG] or hyperglycemic). In contrast, the circulating levels of glucose (fasting and nonfasting) (Fig. 2E) and insulin (Fig. 2F) (Fig. 2H) . Immunostaining results revealed widespread b-gal and insulin coexpression in Prox1 endOE (HG) pancreata ( Supplementary Fig. 4B ) and more restricted colocalization of these proteins in Prox1 endOE (NG) pancreata (Supplementary Fig. 4B9 ). Similarly, Prox1 HIGH /b-gal + expression was very extensive in Prox1 endOE (HG) islets (Supplementary Fig. 4C ) and sparse in Prox1 endOE (NG) islets ( Supplementary Fig. 4C9 ). These results suggest that Prox1 HIGH causes b-cell dysfunction in Prox1 endOE (HG) mice.
Prox1 Overexpression Decreases Proliferation in Immature b-Cells
Immunostaining analysis showed the normal distribution of core insulin + cells and peripheral glucagon + cells in Prox1 endOE islets (compare Fig. 3A -C with A9-C9). However, many islets looked abnormally small at P15 in some Prox1 endOE pancreata (Fig. 3B and B9 ) and uniformly hypoplastic in adult Prox1 endOE (HG) pancreata ( Fig. 3E and  C9) . Conversely, only normal-sized islets were found in adult Prox1 endOE (NG) pancreata (compare Fig. 3D with F) . Quantitative results demonstrated that Prox1 overexpression decreases postnatal b-cell proliferation by P2 and P7 in Prox1 endOE pancreata (Table 1) , and both the total b-cell area and the average islet size were reduced at P7 (Table 1) endOE (NG) mice and control mice (Neurog3-Cre) had similar glucose levels under fed and fasting conditions (n = 4-5 mice per genotype). F: Blood insulin levels were significantly lower in Prox1 endOE (HG) mice than in control mice (Neurog3-Cre). A single mouse in the Prox1 endOE group classified as normoglycemic (NG) showed blood insulin levels comparable to those of control mice (n = 5 mice per genotype). G: Prox1 endOE (NG) mice and control mice (Neurog3-Cre) had similar glucose clearance after intraperitoneal glucose tolerance test (n = 9-12 mice per genotype). H: Prox1 immunofluorescence in single insulin + cells was about fourfold higher in normoglycemic pancreata (NG, n = 2) and 9-to 13-fold higher in hyperglycemic pancreata (HG, n = 2), compared with controls (C, n = 2). Error bars represent +SEM values. ***P < 0.001. B-D are confocal images. Scale bars: 25 mm.
area were 1.6 6 0.14 [control], 1.5 6 0.3 [NG] , and 6.6 6 3.1 [HG]; n = 2). However, TUNEL + /insulin + cells were largely absent in both pancreata of control and Prox1 endOE mice at P2-P15 (data not shown). Therefore, although the survival of pancreatic b-cells was markedly affected in Prox1 endOE (HG) adult mice, this alteration was probably not a direct consequence of Prox1 overexpression.
To further understand how Prox1 overexpression affects b-cells, the gene expression profiles of control and Prox1 endOE pancreata at P15 were compared by microarray analysis. GSEA uncovered upregulation of immune response pathways in Prox1 endOE pancreata ( Supplementary  Fig. 5A ). However, these changes were not uniform across all samples and their potential relevance was not investigated.
Significantly, GSEA results showed downregulation of pathways involved with cell proliferation and b-cell development ( Supplementary Fig. 5A-C) . These results were consistent with our previous finding that both the proliferation index and the mass of b-cells were decreased in Prox1 endOE mice after P7 (Table 1) . GSEA data also revealed that pathways related to FGF signaling were downregulated in P15 Prox1 endOE pancreata (Supplementary Fig. 5B and C and Fig. 3G ). qPCR results corroborated significant decreases in Frs2 (encoding an adaptor protein that links FGFR-1 activation to the MAPK cascade) (18), Fgf2, and CycD1 transcripts (Fig. 3H) in Prox1 endOE pancreata at P7. These findings are intriguing because a published study (19) showed that blocking FGFR-1 decreases the number of b-cells and causes diabetes in mice. (HG) mice is abnormally small (E). The white dots demarcate the insulin-positive area. G: Heat map representation of transcripts involved in FGF signaling that were consistently decreased in Prox1 endOE pancreata at P15. "C" and "M" are control (Neurog3-Cre) and Prox1 endOE triplicates. H: qPCR analysis showed that Frs2, Fgf2, and CycD1 transcripts were significantly decreased in Prox1 endOE pancreata at P7 (tissues from litters of parents that consistently produced only hyperglycemic transgenic offspring were used for these experiments). Data represent the mean (6SEM) of three independent experiments. *P < 0.05; **P < 0.01. Scale bars: 25 mm.
Therefore, reduced FGF signaling could be a factor reducing b-cell mass in pancreata of Prox1 endOE mice.
Sustained High Prox1 Expression Impairs b-Cell Maturation
Similar to the GSEA results showing downregulation of b-cell development pathways in Prox1 endOE pancreata at P15 (Fig. 4A and Supplementary Fig. 5B and C) , qPCR analysis uncovered reduced expression of various transcripts encoding TFs that control b-cell development in Prox1 endOE pancreata at P7 (Fig. 4B ). Whereas some of those changes were not significant and probably paralleled the decrease in b-cell numbers caused by Prox1 overexpression (Table 1) , some were significantly and specifically reduced at P7 in Prox1 endOE pancreata (Fig. 4B) . These included the following: MafA (encoding a critical regulator of b-cell development [20] ), Ucn3 (encoding a distinctive marker of b-cell maturation [21] ), Slc30a8 (encoding a zinc transporter required for insulin maturation and storage [22] ), G6pc2 (encoding a regulator of fasting glucose levels [23] ), Slc2a2/Glut2 (encoding the main glucose transporter in mouse b-cells [24] ), and both the Ins1 and Ins2 transcripts (Fig. 4B) .
Immunostaining results showed that GLUT2 protein expression was very deficient in b-cells of Prox1 endOE mice at P15 (Fig. 4D and D9 ) and nearly absent in many islets of Prox1 endOE (HG) mice at P25 (Fig. 4E and E9 ). In contrast, the distribution of insulin proteins in the islet core (compare Fig. 4F with F9 and F99 and Fig. 4G with H) or Pdx1 expression in b-cells (compare Fig. 4F with F9 and F99 and Fig. 4G99 with H99 ) was unaffected. We conclude that insufficient expression of insulin and some key components of the glucose-stimulated insulin secretion machinery contributed to fostering hyperglycemia and hypoinsulinemia in Prox1 endOE (HG) mice.
Defective Expression of MafA and MafB in b-Cells Overexpressing Prox1
MafA expression levels were decreased whereas MafB was abnormally increased in pancreata of Prox1 endOE mice at P7 (Fig. 4B) . These results were intriguing because the MafA and MafB TFs have distinct expression patterns and roles during mouse b-cell production and function (25) (26) (27) . Mouse MafA is solely expressed in both immature and mature b-cells (Fig. 5A-D) , with activity required postnatally for b-cell maturation (27) . Deficiency of MafA in murine b-cells can lead to changes in gene expression similar to those seen in pancreata of Prox1 endOE mice, including reduced expression of Slc30a8, G6pc2, Slc2a2/ Glut2, and Ins1/Ins2 (26, 28) . Thus, some aspects of the Prox1 endOE phenotype can be attributed to the deficiency of MafA.
Immunostaining results showed comparable distribution of MafA proteins in insulin + cells of control and Prox1 endOE mice at embryonic (data not shown) and newborn (P2) stages (Fig. 5A and A9) . However, MafA was visibly reduced and often restricted to the cytoplasm in insulin + cells of Prox1 endOE pancreata by P15 (Fig. 5B9) . MafA was nearly undetectable in insulin + cells (Fig. 5C9 ) and Pdx1 + cells (Fig. 5D9 ) in Prox1 endOE (HG) pancreata, whereas all colocalized in control pancreata (Fig. 5D) . These results corroborate that Prox1 overexpression in postnatal b-cells deeply impairs MafA expression.
In silico analysis of MafA sequences identified three potential Prox1-binding sites (14, 16) in upstream regions of the mouse, rat, and guinea pig genes (Prox1 BS.I-III) (Supplementary Fig. 6A ). Also, chromatin immunoprecipitation experiments revealed enrichment of endogenous Prox1 at a putative binding site located ;2.6 kb upstream of the transcription start site in the mouse glucagonoma a-TC1 cells (Supplementary Fig. 6B ). In contrast, chromatin immunoprecipitation approaches did not show enrichment of Prox1 at any of the potential binding sites in the chromatin of mouse insulinoma b-TC6 cells (Supplementary Fig. 6B and data not shown) , not unexpected because of low expression levels. Moreover, Prox1 overexpression in b-TC6 cells significantly reduced Ins2 and G6pc2 transcript levels without affecting MafA transcript expression (Supplementary Fig. 6C ). These results suggest that loss of MafA in insulin + cells of Prox1 endOE mice may not directly result from Prox1 upregulation.
MafB is exclusively expressed in embryonic and immature b-cells of rodents and its function is critical for early b-cell development (25, 26) . In contrast to MafA, Prox1 upregulation increased MafB transcripts in pancreata of P7 Prox1 endOE mice (Fig. 4B) . MafB expression is normally shut off soon after birth in insulin + cells (26) (i.e., compare P2 [ Fig. 5E ] to P15 [ Fig. 5F ], P30 [ Fig. 5G ], and P60 [ Fig. 5H ] in control pancreata). In contrast, MafB was extensively coexpressed with insulin and Pdx1 at P2 (Fig. 5E9) , P15 (Fig. 5F9), and P30 (Fig. 5G9) Fig. 7 ). These data demonstrate that severe MafA deficiency and abnormal retention of MafB in b-cells were specific to the Prox1 endOE (HG) phenotype.
PROX1 Knockdown Increases Transcripts Associated With b-Cell Maturation in Human EndoC-bH1 Cells
EndoC-bH1 cells were derived from human fetal pancreas (29) and produce many specific b-cell markers, secrete insulin in response to glucose and secretagogues, and proliferate extensively. EndoC-bH1 cells express both MAFA and MAFB, a unique feature of the human islet b-cell (30) . The majority of EndoC-bH1 cells also expressed moderate to high PROX1 (Supplementary Fig. 8 ). A small interfering (si) RNA approach was used to investigate if PROX1 downregulation affects the expression of genes associated with b-cell maturation in EndoC-bH1 human cells.
PROX1 transcript and protein levels were reduced by 80% in EndoC-bH1 cells expressing siPROX1 when compared with control siGFP treatment (Fig. 6) . MAFA transcript levels appear upregulated (albeit not significantly) by siPROX1, whereas MAFB levels were unaffected by siPROX1 (Fig. 6 ). Most notable, PROX1 knockdown in EndoC-bH1 cells led to significant increases in transcripts encoding key b-cell TFs (NKX6.1, NEUROD1, and MNX1 [1, 2, 4] ), markers of b-cell maturation (UCN3 and G6PC2), FGF signaling components (FRS2 and FGF7), and cell cycle regulators (CCND3) (Fig. 6) . Also, of note, siPROX1 decreased LDHA transcripts in EndoC-bH1 cells (Fig. 6) , a "disallowed gene" of the adult b-cell due to effects on mitochondrial metabolism. Glucose-induced insulin secretion in EndoC-bH1 cells is improved after knockdown of HK1 and LDHA (31). Because expression of disallowed genes in EndoC-bH1 cells suggests these represent a model of the immature human b-cells (30, 31) , repression of PROX1 may be important to human b-cell maturation.
DISCUSSION
Some TFs that are normally expressed in multipotent pancreatic progenitors are downregulated or suppressed in b-cells at later stages, and gain-of-function studies show that reintroducing their expression harms glucose homeostasis. For example, ectopic expression of Hnf6 in murine b-cells leads to defective islet morphogenesis and diabetes (5, 32, 33) , and Sox9 misexpression in mature murine b-cells decreases the production of insulin and leads to hyperglycemia (34) . In a reciprocal manner, premature expression of the b-cell-specific TF MafA in multipotent pancreatic progenitors reduces their proliferation capacity and decreases endocrine cell formation (6) . Thus, the expression of individual TFs must be carefully controlled throughout b-cell ontogeny to correctly assemble the regulatory networks that specify cell fate, promote differentiation, and maintain proper physiology. In agreement with this notion, we discovered that Prox1 overexpression obstructs the expansion and maturation of postnatal b-cells and causes severe hyperglycemia in mice.
Murine pancreatic b-cells become functionally mature in the first 2 weeks after birth, and during this critical period, the potential to secrete insulin in response to circulating glucose levels is acquired (35, 36) . The activity of MafA is essential to b-cell maturation because it controls the glucose-responsive transcription of insulin and key components of the glucose-stimulated insulin secretion machinery (20, 25) . Our study found that b-cells overexpressing Prox1 rapidly lose MafA expression after birth and develop a pathology sharing similarities with mice with conditional MafA inactivation in b-cells, including persistent expression of MafB in insulin + cells, reduction in the b-cell mass, and deficient expression of Slc2a2/ Glut2, Slc30a8, and G6pc2 (20, 26) . These results are consistent with the current view that postnatal b-cells of rodents have to switch from a MafB + /MafA + to a MafA + / MafB 2 status for full maturation (20, 27) . In spite of the similarities between Prox1 overexpression and MafA deficiency in mice, there are significant and important differences in their phenotypes. In particular, only Prox1 overexpression decreases b-cell proliferation, promotes b-cell apoptosis (although likely not directly), and produces hyperglycemia (20, 26) . Also, of note, the Prox1 endOE phenotype recapitulated some defects that were previously reported in mice misexpressing Hnf6 in b-cells, such as GLUT2 deficiency, reduced pancreatic insulin content, decreased MafA expression, and fasting hyperglycemia (5, 30) . However, it is unlikely that Hnf6 played any role here because the b-cells of Prox1 endOE mice did not express this TF (data not shown). Thus,
Prox1
endOE mice represent a unique model of defective b-cell maturation, expansion, and survival.
Our study did not conclusively identify other alterations that in conjunction with the loss of MafA fostered hyperglycemia in Prox1 endOE mice. However, we hypothesize that defective FGF signaling could be one of those cooperating factors since this pathway was downregulated in Prox1 endOE pancreatic tissues, and attenuation of FGF signaling promotes diabetes in mice (19) . The specific contributions of FGF signaling to the Prox1 endOE (HG) phenotype are outstanding issues warranting further investigation. Another interesting finding is that Prox1 upregulation reduced Frs2 transcripts in murine pancreatic tissues, whereas downregulation increased expression of the FRS2 human homolog in EndoC-bH1 cells. Moreover, various transcripts associated with driving b-cell maturation were increased in EndoC-bH1 cells upon knockdown of PROX1. Our results support the conclusion that high Prox1 expression is unfavorable for rodent and human b-cell maturation.
The segregation of a "normoglycemic" versus "hyperglycemic" Prox1 phenotype was another intriguing observation. Our experimental evidence suggests that these distinct outcomes were influenced by several factors: 1) the timing of Prox1 upregulation in b-cells (i.e., dysfunction only associated with earlier immature/newborn expression), 2) the extent of Prox1 overproduction in b-cells, and 3) the penetrance of Prox1 overexpression in the islet b-cell population. On the other hand, we discard the possibility that those distinct phenotypes were influenced by the extent of Prox1 overexpression in extrapancreatic tissues (particularly the ventral thalamic region that produces neurons that control appetite) because Prox1 endOE Figure 6 -PROX1 knockdown increases transcripts associated with b-cell maturation in human EndoC-bH1 cells. qPCR results showing significant upregulation of transcripts associated with b-cell maturation, FGF signaling, and proliferation, after PROX1 knockdown (siPROX1) in human EndoC-bH1 cells. RNA used here was harvested 72 h posttransfection and data represent the mean (6SEM) of three independent experiments. SLC30A = SLC30A8, G6PC = G6PC2, and NEUD = NEUROD. *P < 0.05; **P < 0.01; ***P < 0.001. mice were not obese or displayed abnormally excessive appetite. Moreover, Prox1 endOE (HG) animals had specific and intrinsic b-cell alterations (e.g., decreased proliferation and loss of GLUT2 and MafA expression).
In conclusion, this study uncovered that Prox1 downregulation is a prerequisite to expand the b-cell mass after birth and for proper maturation of this lineage. Our findings warrant investigation of PROX1 expression in current protocols of directed differentiation of insulin + cells from human-induced pluripotent stem cells or embryonic stem cells and suggest that manipulating the levels of this TF could increase the production of glucose-responsive b-cells for therapy. Finally, results of genome-wide association studies identifying single nucleotide polymorphisms in regulatory regions of human PROX1 that correlate with diabetes predisposition (37) (38) (39) (40) (41) (42) (43) open the possibility that some of those single nucleotide polymorphisms lead to Prox1 upregulation in immature b-cells.
